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Preface

This research is an investigation of the v, = 0 — v, = 2 transition of nitrosyl bromide

to expand the understanding of the role this molecule plays in the depletion of the ozone .
layer and the Br¥*/NO energy transfer laser. The most recent work done on this transition
was completed almost two decades ago.. With the improvements in technology, the
resolution of this work is two orders of magnitude higher than the previous study. This
exploration required knowledge in a plethora of subject fields from vacuum system
construction to chemical kinetics to numerical analysis. Since this inquiry was done to
s_tudy the rotational energy manifold on the vibrational transition, a knowledge of
quantum mechanics and the interaction of light and matter proved essential. Even though
this knowledge was obtained through class work, applying this “lecture” knowledge in
the laboratory proved to be an exciting and sometimes vexing experience.

I would like to express my gratitude to my advisor, Major Glen P. Perram, for his
open door policy, support, and encouragement throughout a research project which
moved AFIT into a new realm of molecular study - asymmetric molecules. Thanks also
go to Dr. David Weeks for the numerous hours of theoretical quantum mechanics
discussions which lead to the understanding of the asymmetric top theory. Although Dr.
Weeks showed me solutions for the UNIX enigma, Captain Charlie Brennan always took
time out to steer me through the cold, iceberg-laden sea of this operating system. Finally,
I owe a solid day of time and a big hug tb my fiancée, Jerianne Shelton, who supported
me through the long nights of computation and revision; thank you, Jerianne.

Todd E. Wiest
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Abstract
Infrared Fourier transform spectroscopy of the first overtone of the nitric oxide (NO)
bond stretch in nitrosyl bromide (ONBr) has been performed at a resolution of 0.02 cm.1
to obtain the rotational parameters of the v, = 2 energy level. On the order of 1000
transitions have been observed for rotational levels up to J =80 and K =7. The

calculation of the complete set of rotational energy levels of this asymmetric molecule
requires the numerical diagonalization of four, tridiagonal matricies for each J. A non-
linear least squares fit of observed transitions with J < 40 was accomplished using an
approximation for the energy levels. From this fit, the maximum J value accurately
approximated was determined to be twenty-four. The fit was reaccomplished for J < 24

and the following rotational parameters were obtained: v_=3563.03442 + 0.00092,
A=12.793526 + 0.000055, B= 0.1264969 + 0.0000056, C= 0.1207390 * 0.0000022,

A= (1649 £0.038) x 107, A, = (223 £0.17) x 10°, A, = (1.577 £0.025) x 10", and
6, =(1.22+£0.29) x 10_8 cm-l. Monte Carlo techniques were used to determine the errors

in the reported constants, and this analysis suggests the need to use higher J levels to

determine the distortion constants.

viii




HIGH RESOLUTION FOURIER TRANSFORM
SPECTROSCOPY OF THE FIRST OVERTONE OF

THE N-O STRETCH IN NITROSYL BROMIDE

1. Introduction

1.1 Overview

Nitrosyl bromide, ONBr, is a member of the nitrosyl halide family of molecules.
This family also contains nitrosyl fluoride (FNO), nitrosyl chloride (ONCI), and nitrosyl
iodide (INO). There are two major reasons to investigate these molecules: the halogens
in these compounds have been linked to the chemical reactions believed to describe the
ozone depletion cycle' and the nitrosyl halides are a constituent produced in the reactions
of possible infrared laser sources that rely on the transfer of energy from an electronic
energy level of an excited halogen (F, Cl, 1, Br) to a vibrational energy level in nitric
oxide (NO).> Much spectroscopic work has been completed on the other nitrosyl halides
(FNO, ONCI, INO) to understand their vibrational and rotational structure, but only
limited work has been reported for nitroéyl bromide. This research seeks to increase the
knowledge of the energy levels of nitrosyl bromide to help provide an understanding of

the role of the molecule in the two applications mentioned above.




The depletion of the ozone layer over Antarctica has been linked to
chlorofluorocarbons (CFCs). These chemicals contain halogens that deplete the ozone

through reactions:’

X+03-X0+0, (1.1)
X0+ NO — NO, +X (1.2)
0+NO, - NO+0, (1.3)

where X represents the halogen (Cl, F, Br, or I). These three reactions have the net effect
of ozone depletion:1

O+O3—>202 (1.4)
Notice that in reaction (1.2) the halogen appears on the right side of the reaction which
implies that it may react as shown in (1.1). If, however, this halogen encounters a nitric
oxide molecule produced from reaction (1.3), the halogen in (1.2)may react with the NO *
molecule to form the nitrosyl halide:

M+NO+X—->ONX+M (1.5)
where ONX is the nitrosyl halide. This reaction would limit the concentration of the
halogen and thus assist in decreasing the rate of ozone depletion.

The other reason to investigate these halides arises from an Air Force requirement to
develop an airborne, laser-based countermeasure system. This system would be mounted
either internal or external and be required to use limited power from the aircraft.> Other
requirements of the system include the power of the infrared (IR) laser to be in the
kilowatt-class with wavelength tunability in the 3 to 5 um region to prevent simple

filtering as a counter-countermeasure.” To achieve the power required over distances at




which the system would be used, minimgl divergence is desired, and the cavity
configuration must allow for operation on the vibrating aircraft.”

One of the possible candidates for this system is the Br*/NO energy transfer laser in
which the excited bromine (Br*) transfers its electronic energy to vibrational energy in
the NO. This places the NO in the second vibrational energy level which relaxes to the
first vibrational state with the emission of a photon in the IR region. This photon results
from a transition which meets the appropriate selection rules from one of approximately
thirty rotational energy levels in the second vibrational state to a rotational energy level in
the first vibrational state. The large number of possible energy differences produced in
the transitions creates photons of many different wavelengths and thus provides the
tunability required. The main complication involved in creating this system arises from

the fact that Br, and NO will react spontaneously to form ONBr when the mixture is

allowed to equilibrate under room lights.® Since the formation of this molecule
drastically depletes the populations of NO and Br, it appears that the creation of this
molecule severely limits the system performance, however, it has been reported that

photolysis of a cell containing Br, and NO may create Br which can then react with the
ONBr:’

Br + ONBr — NO + Bry (1.6)
to increase the population of the NO and generate more Br, which can then be converted
to Br*. To understand this reaction, the potential energy curves of ONBr must be known.

The creation of the ONBr potential energy curves requires a knowledge of the molecular

constants for rotation and vibration.




The most recent work on nitrosyl bromide was accomplished by Esposti et al* using

a Fourier transform spectrometer to study the absorption of IR light by ONBr. This study

refined the molecular coefficients found by Laane et al’ for the fundamental band

(v,=0— v, =1) of the NO bond stretch frequency in nitrosyl bromide. To gain more

understanding of the rotational levels of the molecule, this research will study the first

overtone (v, = 0 — v, = 2) of the NO bond stretch in the molecule.

1.2 Preliminary Considerations

The NO bond in nitrosyl bromide first absorbs IR light at a wavelength of

approximately 5.5 pm (v, =0 — v, = 1), and the next absorption band of this stretch
(v, =0 - v, =2)occurs in the 2.8 um region. These two regions also contain the

absorption of light by nitric oxide, 5.3 um for the v=0 — 1 and 2.7 um for the

v =0 - 2. In both of these regions, the Apresence of nitric oxide can cause a difficulty in
the assignment of the nitrosyl bromide spectrum. Much work has been done to
characterize the energy levels of nitric oxide by Nichols e al® and Olman ef al.” These
studies, along with a study completed as part of this research, aided in the removal of any
spectral features resulting from unreacted nitric oxide. The removal of these lines

subsequently aided in the proper assignment of the absorption lines of nitrosyl bromide.

1.3 Problem Statement

In the past few years, a considerable amount of work has been done at the Air Force
Institute of Technology (AFIT) on the possible development and characterization of a

Br*/NO energy transfer laser to meet the Air Force airborne laser countermeasure




requirement. Also, as the Air Force and the world grow more environmentally oriented,
the reactions involved in the depletion of the ozone layer have become an important issue.
To understand the role of the nitrosyl bromide in both of these applications, the potential
energy curves of the molecule must be known. However, the complete curves cannot be
created until a firm understanding of the different vibrational bands are known. Since
only the fundamental vibrational band of the NO bond stretch has been documented, it is
the goal of this research to expand the knowledge of this molecule to the first overtone of
the NO bond stretch. To accomplish this goal, ONBr must be created from NO and

distilled Brz, a spectrum of the first overtone of the NO bond stretch in ONBr must be

recorded, and this spectrum must be analyzed to determine the molecular constants

governing the motion of the molecule.




2. Background

2.1 Summary of Current Knowledge |

One of the earliest studies done to understand nitrosyl bromide was completed by
Laane et al.’ This work studied the fundamental and combination vibrational bands of

the three vibrations of nitrosyl bromide, the NO bond stretch (vl), the bending of the
molecule (vz), and the NBr stretch (v,), and determined the force constants associated
with the general quadratic valence force field (GQVFF) constants. These values where
obtained for all possible combinations of the isotopes of bromine (81Br and 79Br), oxygen

(160 and 18O), and nitrogen (14N and 15N). Also, this paper discussed and tabulated the
potential energy distribution, mean amplitudes, coriolis constants, and inertial defect data
for specific isotope combinations.

The information applicable to this research includes the NO bond stretch frequencies
and the cited bond lengths and bond angle. The bond lengths appear in Table 2-1, the NO
stretch frequencies in Table 2-2, and Table 2-3 contains the force constants obtained from
the study.

Table 2-1. Bond lengths in ONBr as measured with different
experimental techniques.5

Bond Microwave (A) e- Diffraction (A)
N-O 1.15 1.15
N-Br 2.14 2.14
Br-O . 2.81 2.85

Bond Angle No Data 117°




Table 2-2. NO bond stretch frequencies in cm™ of ONBr for isotopes

of Nand O
160 4NBy 160)!5NBr 18)4NBr 18)15NBy
1799.0 1768.3 1751.5 1719.5
2v; 3562.1 3503.1 3470.9 3408.1
vy 5296 5206 5158 5066
4v, 6994 6878 No Data 6695

Table 2-3. Force constants of ONBr.’

Calculated Value
Fro 15.25 + 0.04 md/A
Fie: ~ 1.13£0.05 md/A
F, 1.13 + 0.02 md A/rad®
Fno,NBr 1.47 + 0.36 md/A
Frno.o 0.11 +0.20 md A/rad
Fxbr.o 0.10 + 0.02 md A/rad

These values were obtained by the analysis of spectral data collected at 2 crn'1

resolution. The experimental equipment included a Perkin-Elmer 521, Beckman IR 11,

and a Cary 14 for the spectral regions of 4000-300 cm_l, 300-200 cm_l, and >4000 cm-l,

respectively.
Since the above study was done at 2 cm'1 resolution, Esposti et al studied the NO
stretch for the v, =0 — v, = 1 transition again at 0.0045 cm-l.4 This study focused on

determining the band origin and rotational constants for this transition and used this




information to determine the cubic force constants for both isotopomers (ON 79Br and
81
ON Br).
To study this transition, Esposti et al prepared nitrosyl bromide by mixing NO and
gaseous bromine at room temperature in a 20 cm long glass cell equipped with calcium

fluoride (CaF,) windows.* The v; spectrum of the 2 mbar sample was recorded with a

Bruker IFS 120HR Fourier transform spectrometer at the aforementioned resolution. A
globar source was used with a potassium bromide (KBr) beamsplitter, and the spectrum
was recorded with a mercury cadmium telluride (HgCdTe) detector. Calibration of the
spectrum was accomplished by comparing the location of absorption lines due to residual
water in the spectrometer with the reported locations as cited in the Handbook of Infrared

Standards.® This research observed only a-type transitions (AK_ = 0) where the P and R

branches were dominant with a weaker Q branch feature found on the shoulder of the P

branch. Transitions for rotational levels up to J = 70 and K, = 10 were observed in the
very dense structure for both isotopomers. The band origins and rotational constants for

ON79Br and ONSlBr obtained by this research appear in Table 2-4.




Table 2-4. Molecular constants for the v; fundamental band for both isotopomers.
Band origins in cm’l, rotational constants in MHz. Standard errors in units of the last
quoted digit are in parentheses for the fitted constants. *Both levels share common

value.
ON"Br ON®*'Br
vi=0 E vi=1 vi=0 E vi=1
1798.751285(53) 1798.742722(57)
A 855004620 | 84720.73(11) 85482044 | 84703.09(11)
! !
B 3747.07053 1 3762.6039(44) | 372234778 1 3737.8017(47)
: .
C 3585.98785 | 3598.9833(39) [ 356330804 ! 3576.252043)
A (10%) 2852185 | 2.88560(37) 2816479 1| 2.84996(39)
A (10%) 569179 | -5.6052(27) 566100 1 -5.6676(31)
! 1
Ax 48255 1 47272(12) 48052 1 4.7096(13)
8 (10 157887 1 16145(47) 154934 | 15881(51)
Sk (10°)* 1.9859 1.938
@; (1071%* 4.068 4.068
Dy (107)* 1.2012 1.1179
Dy (107)* -2.9615 -2.9315
Dy (10771%* 2.149 2.149
2.2 Theory

The Schrédinger equation for a molecule, neglecting translation, is given by:

Hs,y,rw = Es,v,rw

2.1)

where H s,v,r is the Hamiltonian describing the motion of the molecule and E;,, ,is the

energy of the molecule which can be broken into the following:’

Es,v,r =E;+E, +E,

(2.2)




where E_is the electronic energy, E, is the vibrational energy, and £ is the rotational

energy of the molecule. By using the Born-Oppenheimer approximation, the electronic
energy can be found by solving the Schrbdinger equation for the motion of the electrons.
This solution yields values for the electronic energy which are dependent upon the
nuclear separation. These electronic energy eigenvalues can then be used to generate the
potential energy surfaces for the ground and excited states of the molecule. With the
potential energy surfaces known, the nuclear motion can be studied by solving for the
vibrational energy eigenvalues from the Schrodinger equation for this motion. To
complete the solution of the Schrédinger equation in (2.1), the rotational energy
eigenvalues must be computed.

For triatomic molecules like nitrosyl bromide, the computation of the eigenvalues for
the rotational energy levels is difficult. This difficulty begins with three different
principle moments of inertia resulting from the unequal distribution of the mass of the
nuclei (the ratio of the atomic weights being 5.70:1.14:1.00 for Br:O:N). The
computation of eigenvalues is further coﬁplicated by the rotationally induced distortion
of the molecule, particularly at high values of angular momentum.

The classification of an asymmetric molecule, or rotor, is dependent upon the values

of the three principle moments of inertia. These moments of inertia can be labeled as I ,
Ib, and Ic where Ic denotes the largest moment of inertia, I, the next largest moment, and Ia

the smallest. The inverse of these quantities, when multiplied by the appropriate

constants, yield the rotational constants of the rotor: '

10




#2

= 2.3

By,

where o is either a, b, or c. The body fixed axes can then be labeled a, b, ¢ and the

notation A, B, C is then used to denote BB, and B, respectively.lo The body fixed

system is used to describe the molecular orientation since the moments of inertia are
constant, with the classification of the symmetry of the rotor being defined by the value of
B.

A rotor is classified as asymmetric when the values of the rotational parameters are
such that A # B # C. The bounds of the value of B are given by the A and C values.
When A = B, the rotor is symmetric and classified as oblate while the prolate symmetric
case is one in which B = C for the rotor. There are numerous formulas that can be used to
determine the degree of asymmetry associated with the rotor when A # B # C, but the

asymmetry of any rotor can be found by:11

2B-A-C
K=—"—""—

pore (2.4)

where X is the asymmetry parameter and takes on the value of 1 for the oblate case and -1
for the prolate case.

Nitrosyl bromide is nearly prolate (B = C) with an asymmetry parameter of -0.996.*

. r . 3 .
By using the I representation given in Watson,'® all molecules are represented as shown

in Figure 2-1.

11




ONBr in Body Fixed Coordinates

b 0
2
Br
oM -
a 0 N
5
-2

-2 0 2

C

Figure 2-1. Nitrosyl bromide in the I'
representation where the molecule lies in the a-c
plane of the body fixed coordinate system.

The initial form of the Hamiltonian describing the rotational motion of ONBr can be
found by invoking the rigid rotor approximation. The Hamiltonian for this approximation
is:' |

Aigig = BI§ +CI2 + AJZ (2.5)
where Jj,, J ¢»and J 4 are the angular momentum operators about the b, ¢, and a axes,
respectively. This Hamiltonian does not properly deal with the asymmetric nature of the
rotor, however, since in the quantum-mechanical representation the matricies are not

diagonal. The Hamiltonian in (2.5) can be rewritten for the prolate (B = C) symmetric

molecule as:
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Apigia =CUZ+ T2 +73)-CI2 + A} (2.6)
The diagonalization of the Hamiltonian can be accomplished by invoking the following

operator transformation:'®

LY Y AR -]
Je=J4+J5+]
b re Ta .7

>
>

Q

a

Since B = C, the C parameter in (2.6) can be written as C = %(B + C) without loss of

-

generality. With this substitution and the operator transformation in (2.7), the rigid rotor

Hamiltonian for the symmetric case is:
A 1 72 1 )
Hiigid =E(B+C)J + A—E(B+C) J; (2.8)

where J is the total angular momentum and k is the projection of J along an axis fixed in
space with the eigenvalues:

(7| T3 . K) = J(T +1)

\ (2.9)
(1,k|J2|7,k) = k?

where the allowed ranges of these eigenvalues are J =0, 1, 2, ... and k =-J, -J+1, ..., J-1,
j 10
For the asymmetric molecule, B # C and instead of (2.6), we find the Hamiltonian

for the asymmetric rigid rotor is:
Aol 52,52, 521, Bf52_ 52
Hiigid —§(B+C) Jo+Ic+dgp+ b=

C{Az Az} l: B C:|A2
- It =-J | A————|J
2 b c ) a

(2.10)

By using the transformation in (2.7) and noting that:
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the rotational Hamiltonian for the asymmetric rigid rotor is:

A 1 %2 1 52 B-C (32 32 }
A. .. ==(B+C)2+|A-=(B+C)}J +———(J —J) 2.13
rigia = (B+C) [ 2 )H @ 2a-B-C\'b e @13
To model the distortion of the molecule as it rotates, a Hamiltonian with quartic and
sextic centrifugal distortion terms is used where:'°

and:
A—-I—g———g:A—%(B+C) (2.12)

A = gi2 + 2+ AF2 - A; (722 - A 72T,

rot

| a 1 = A9 A ~ =
1 —AKJ;‘——[6112+6KJ§,J£+JZ] +@, (72
3 _ . o 2.14)

+® 5 (22 4+ @, J2T 4 @ JE

1 = 9 A aqd A ~

+-2-[¢,(12)2 20 T2T2 4000 52+ J_2_]+

The A, and §; coefficients represent the quartic effects of the centrifugal distortion, the ®;

and ¢; coefficients represent the sextic effects to the centrifugal distortion, the operators -

are given by:
Jy=Jp+il, (2.15)

the (A) superscript denotes the use of the inverse asymmetry parameter in (2.4) where A

and B are interchanged to reduce the representation of the system to a more convenient
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form, and with this choice of representation, the A, B, and C parameters are transformed

to the 4, B, and C parameters using the following transformation:

52[=A+2AJ
B=B+2AJ+AJK—26_]—28K (216)
C=C+2AJ+AJK+28J—26K

The matrix elements of this Hamiltonian in the | J, k) basis are given as:"°

Epj ={J,k[A%)

rot

J k)= %[EB+C]J(J + 1)+{ﬂ—%[ﬂ%+€]}kz
AT+ = A T+ Dk = Agk* + @, 73 (T +1)°
+® j J2 (T +1)2 k% + @ g J(T + Dk + D k©
A 1
Epsoy ={J,k £2|A%)|7,k) = G[B+c]-8,7(7+1) (2.17)

—%Sk[(k +2)2 +k2]+¢JJ2(J +1)2

1 1
+5¢JKJ(J+1)[<ki2)2 +k2]+5¢K[(ki2)4 +k4)

1
X{[J(J +1) = k(k £D][J(J + 1)~ (k £ 1)(k £2)]}2

Notice that the | J, k) basis does not diagonalize the Hamiltonian of the asymmetric

molecule as can be seen in (2.17) where an expression for off diagonal terms is given.
The angular momentum does not have a component with a constant direction along a
body-fixed axis of the rotating asymmetric molecule.’

Since the |J, k) basis almost diagonalizes the rotational Hamiltonian for the
asymmetric case and has physical meaning for the symmetric molecule, the definition of
the required quantum numbers is almost determined. With the asymmetric case being the
continuum between the symmetric prolafe and oblate cases, the quantum numbers used

are J, the total angular momentum, K , the quantum number used to label the energy
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levels of the prolate symmetric top, and K , the quantum number used to label the energy

levels of the oblate symmetric top. With these quantum numbers, the energy levels are

labeled according to their possible k values for either the prolate or oblate case. This

labeling is written as J k-

Physically, with the existence of two separate “k” quantum numbers, the energy

Jevels for any angular momentum are found to split as a result of the “k” dependence of

the matrix elements in (2.17). This phenomenon, known as K-doubling, is similar to the

A-doubling found in linear molecules. For the asymmetric molecule, K-doubling results

since angular momentum is not conserved along a particular body fixed direction.

The diagonalization of the matricies generated by evaluating the expressions given in

(2.17) can be simplified as shown in Appendix A. By writing the matrix form of the

Hamiltonian for the system for a specific J, one obtains a non-adjacent, tridiagonal matrix

(A.1) with matrix entries given by (2.17) as a function of k. This matrix can be simplified

by noting that the matrix must be Hermitian to obtain real eigenvalues and the matrix is

independent of the ordering of k such that E ,, =E, .. This allows one to consider only

the lower half of the non-adjacent, tridiagonal matrix. By using the transformation first

derived by Wang: 12

|7.0%)=170)

1)

jJ,k‘)

5l -

(
(7.6)=[J.~k)

J,k)+|J k)

16
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the matrix can be transformed into a regular tridiagonal matrix that is of a block diagonal-
form (A.6). The eigenvalues of each of the submatricies of the block diagonal matrix in
(A.7) can be found independently, and the method of labeling given in (A.8) can be used
to denote the rotational quantum number, the k value of the prolate symmetric molecule
energy level, and the k value of the oblate symmetric molecule energy level.

Since nitrosyl bromide is asymmetric, much time and effort has been placed in
describing the implications of this asymmetry. Due to this asymmetry, angular
momentum is not conserved about a particular body fixed axis. This produces a
phenomenon known as K-doubling. Mathematically, the implication of asymmetry is a
system with a non-adjacent, tridiagonal matrix representation for the rotational
Hamiltonian. The phenomenon of K-doubling requires new quantum numbers that will
retain the physical situation of a rotating molecule yet simplify the mathematics. The

quantum numbers chosen for this situation are J, the rotational quantum number, K , the
quantum number used in the prolate case, and K , the quantum number used in the oblate

case. With this selection of quantum numbers and the Wang transformation (2.18), a
block diagonal matrix can be used to represent this system. This block diagonal matrix
can be separated into four tridiagonal matricies which can be diagonalized independently

to yield the eigenvalues which correspond to the rotational energy levels, labeled as Jx k.,

for nitrosyl bromide.
Even though the energy levels can be labeled, these levels cannot be measured for a
quantum mechanical system. What is measurable are transitions between these energy

levels. These transitions are the spectral lines seen when a spectrum has been recorded.
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The type of spectroscopy being done determines which spectral features are important. If
one is looking for the locations at which a sample emitted radiation, the important
features in the unmodified spectrum are peaks. If absorption spectroscopy is being done,
the key spectral features appear as valleys in the raw spectrum.

For this research, absorption spectroscopy was completed for nitrosyl bromide. In
absorption spectroscopy of molecules, the valleys in the recorded spectrum result from
three types of possible rotational transitions which can take place between different
vibrational energy levels. These transitions result from the absorption of incident energy
that raise the molecular energy from a léwer level, J”, to a higher level, J°. The rotational
quantum number of the higher level, due to the selection rules of the system, must be
such that J’-J”= =1 or 0. If heading is neglected and the rotational quantum number
changes such that AJ = +1, the transition will be located at a higher energy than the
energy difference between the vibrational levels. These transitions are labeled as R
branch transitions. Transitions which are found at lower energies than the energy
difference between the vibrational levels, once again neglecting the heading phenomenon;
obey the selection rule AJ = -1 and are labeled P branch transitions. The transitions
which follow the selection rule AJ = 0 are Q branch transitions, and these transitions
would occur at the same energy as the energy difference between vibrational levels if the
molecule did not distort and stretch while it rotated.

Since nitrosyl bromide is an asymmetric top molecule, selection rules for the K and
Kc values must also be followed. These rules further restrict the transitions allowed. For

nitrosyl bromide, the selection rules governing these “quantum numbers” are AK, =0 and
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AK = 1. Therefore, the only transitions observed for nitrosyl bromide can occur between
rotational energy levels such that K * =K ” and K ’ = K "+1 while AJ may be *1 or 0.

If the | J, k) basis diagonalized the Hamiltonian of the system in the body-fixed

coordinate syétem, analytical expressions could be written for the energy levels which
implies that expressions for the location;c, of the transitions in each branch of the spectrum
could be obtained analytically. These analytic expressions could then be used to
determine the rotational parameters of the molecule. Because of the asymmetry and the
lack of “good” quantum numbers, this luxury is not available with this technique,
however, an approximation can be made to generate analytical expressions for the energy

levels.

2.3 Energy Level Approximation

For a general asymmetric molecule, there is not an approximation. However, ONBr
is nearly prolate, so a power series expansion in terms of J, K, and an asymmetry
parameter is applicable. The use of this approximation can be twofold: (1) analytical
expressions can be used to determine the validity of the spectral assignment by fitting the
assigned transitions to the expressions and (2) the approximate expressions can be used to

calculate the energy levels in a global fitting routine.

2.3.1 Theoretical Development of the Approximation

To generate an approximation that will represent the asymmetry of a rigid rotor,

recall that the rotational Hamiltonian for a near-prolate asymmetric top is given by:
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ﬁrigid =ij2+Cj3+Aj3

=%(B+C)J72 +{A—%(B+C):|{JAZ 2 (JE-TP)

where ja , fb, and jc are defined as in (2.5), J72 is defined as in (2.7), and A, B, and C
are defined as in (2.3).

In the representation which diagonalizes J? and J « » the matrix elements that do not

vanish in (2.13) are: 13

(1, k|T2 k) = J(T +1),

(1, k|| T, k) =k, | (2.19)

1
(1,k|Jg = T2,k %2) =%{[J(J +)=k(kD][J(J +D - (k£ D(k£2)]}2

where J is defined as above and k is the prolate rotor quantum number, K , for ONBr.
The expression in (2.13) can be rewritten as:

Hrigid = Hsym + Hasym (2.20)

where ﬁsym is the rotational Hamiltonian for the symmetric top derived in (2.8) and:

Flagym = [A - —;—(B + c)]{—f—"——c— (f;} -2 )}

2A-B-C
= [A —%(B + c)]{z e(J5 - J2 )}

where a different asymmetry parameter, €, has been chosen as:

(2.21)

13

g=_ B-C (2.22)
2QA-B-C)
which is related to the asymmetry parameter in (2.4) by:"!

€= _lﬁ_ﬂ (2.23)
2x -3
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The eigenvalues of the rotational Hamiltonian in (2.20) can be calculated by treating

A

Hasym asa perturbation. The energy levels obtained from the perturbation study are

labeled in the same fashion as above and are calculated from a power series of the form:"

F(g, k,) =%(B+ CyJ(J +1)+[A—-%(B+ C)}kz

B 5 5 (2.24)
+[A—%(B+ C)]{kz Y cone "+ DI+ Y Cnt "}

n=2 m=1 n=m

where F(J Kg. K, ) denotes the energy of the Jx x_level and the ¢, are the numerical

expansion coefficients that describe the effect of asymmetry on the energy levels which

are tabulated in Polo'® for m = 1 ,2, ..., 6. Thus the maximum number of terms that can
be used in the series expansion in m is seven, one for the k2 term and six for the
J™J+1)™ term.

The energy levels calculated from (2.24) apply only to the rigid rotor. Centrifugal
distortion terms must be included to explain the stretching of the molecule as it rotates.

The energy level dependent equations for the distortion are listed in Polo’s paper without

splitting for K > 3 and with splitting for the K =0, 1, 2, and 3 levels. Below is the J

dependent distortion contribution to the J; y energy levels:"?

F(Jy;)=[-Dg +10Rs —30Rse]
+[~D i ~4Rs —2Rs +(3Rg + 20Rs +35 ; ) €| J(J +D)

+-Dy +§L—(g&-+§R5 +28,)e]12(1+1)2 (2.25)

+ %(&w,) 8]13(J+1)3




where D » D

K D,, o ) R " and R  are the coefficients used to describe the quartic

centrifugal distortions and, for J; 5.1, the sign of the underscored terms must be reversed.
The distortion constants above are related to the quartic distortion constants in the

diagonalization theory by the following transformation:'®

Aj =Dy -2Rg
Ajx =Dk +12Rg

Ag =Dy —10R; (2.26)
;=98

2

where € is the asymmetry parameter defined in (2.22).
By adding these expansions to the rigid rotor energy levels given in (2.24), the
approximation can be used to determine the location of the transitions to aid in the

assignment of the spectrum and to calculate the energy levels in a global fitting routine.

2.3.2 Accuracy of the Approximation

Since equation (2.24) contains a power series expansion that must be truncated at
m = 6, the maximum J for which this approximation held was investigated. Since the
expansion is in €, the contribution to the energy level of the first term in the power series
in n for the m = 6 (i.e., n = 6 term) was used to determine the limitations of the
approximation.

The maximum J value which could be approximated was determined by setting the
n=m = 6 term equal to the resolution of the spectrometer since any deviation of this

amount in a calculated energy level would result in a calculated transition that would
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deviate by the same quantity. Hence, the maximum rotational level that could be

approximated was given by:

RES

upper ~
lﬁ |:A - % (B + C)i|c66£ 6

as given by Polo,> & =504718x10™* | A=2.82628 cm

J (2.27)

1002401

where ¢66 = = 0626240

B=0.125520cm , C=0.120062cm  for the v, = 1 level, and the resolution of the

spectrometer, RES, is 0.02 cm_l. The v, = 1 level constants were used since the rotational
constants for the v, = 2 level were sought by this research and consequently unknown.
By substituting the values listed, the approximate upper bound of J was calculated to be:
Jupper = 42 (2.28)
To ensure that the upper bound for the v, =2 level was not too high, the transitions

studied with the approximation were limited to an upper bound of J = 40 following the

trend between the approximate upper bounds calculated from the v, =0 and v, = 1
parameters (J upper for the v, = 0 level was found to be forty-three).

To calculate the location to truncate the power series in n, the second term in the n

series for m = 1 (n = 2 term) was calculated at the upper bound as:
1 2 -3 -1
[A - —2—(B + C)}(Jupper (Jupper + 1))c128 =124x10 “cm (2.29)

where A, B, C, Jypper, and € are the same as in (2.27) and c¢i2=1 . Therefore, only the

n = m (first) term for the power series in n needs to be retained.

23




To determine the error in truncating the power series expansion in m for nitrosyl
bromide, the contribution of the n = m = 7 term to the energy level was investigated at

Jupper and found to be:
1 7 7 7 -1
[A _ 5( B+ c)}( Jper ( Jupper + 1) )%68 =0.01779cm (2.30)

where A, B, C, ce6, Jupper, and € are the same values as in (2.27) with the use of cgg Was
required since a numerical value for the ¢77 coefficient was not published in the paper by
Polo.® Since the n = m = 7 term contribution was on the order of the resolution of the
spectrometer, the contribution of the n = m = § term was investigated by calculating
(2.30) where all the values of seven are replaced with eight. This calculation showed that
the n = m = 8 term would contribute 0.01622 cm™. Hence, the truncation of the power
series in m at m = 6 contains a truncation error at Jupper that is larger than the resolution of
the spectrometer. This implies that the largest value of the rotational quantum number
that can be approximated by this perturbational technique may be far removed from the
value calculated in (2.27).

The determination of the actual upper bound for J is critical since any erroneous

calculation of the energy levels would produce a calculated transition that would not be

s -1 . . .
within 0.02 cm  of the correct location. Hence, any calculation completed with that
transition would result in residuals that were larger than the resolution of the
spectrometer.

Even though the above calculation was accomplished with the v, = 1 constants to

determine the validity and the error of the approximation, the trend in the approximate

rotational energy levels properly predicted from the zero to first vibrational level should
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hold well enough to be able to determine the approximate upper bound for the v, =2

level as J = 40. However, the actual upper bound must be determined before an

appropriate set of constants can be reported.
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3. Experimental Apparatus and Procedures

3.1 Fourier Transform Spectrometer

3.1.1 Theory of Operation

The Fourier transform spectrometer (FTS) is one of the instruments used for data
collection in absorption spectroscopy experiments. The primary component of this
instrument is the optical design used to obtain the signal. In this research, the FTS used

employed a Michelson interferometer design as shown in Figure 3-1.

A A

vyvYyvy
vyvevy
N

¥ 3

Figure 3-1. Michelson Interferometer. a. source, b. aperture, c. collimating
mirror, d. beamsplitter, e. movable mirror, f. fixed mirror, g. focusing
mirror, A. spectral filters, i. sample cell, and j. detector.
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The light from the source of the interferometer passes through an aperture which

limits the intensity of the light passing through the interferometer to the detector. This
aperture also localizes the beam to improve the resolution obtainable from the
spectrometer.

After the light has left the aperture, the light is still diverging. Since this divergence
is not desirable, a curved mirror is placed into the path of the beam to collimate it. A
mirror is used instead of a lens for three reasons: (1) the loss of light intensity upon
reflection from a mirror is less than the loss of light intensity upon passing through a lens,
(2) the use of a mirror allows the beam to be reversed in direction and a more compact
system can be built, (3) since mirrors reflect aimost any wavelength of light incident on
them, the interferometer can be used for a larger range of the electromagnetic spectrum
without changing the collimating optical component, and (4) no chromatic aberrations are
present. With the beam collimated, the entire amount of light passing through the
aperture can be used to collect data.

After the light is collimated, the light enters the components which comprise the
Michelson interferometer. The collimated light is incident on a beamsplitter which splits
the light intensity into beams of equal intensity to provide the greatest contrast. The light’
that is reflected travels toward the movable mirror while the transmitted light passes
through the beamsplitter and travels toward the fixed mirror.

The light that is transmitted through the beamsplitter is incident on a fixed mirror

which reflects the light directly back toward the beamsplitter. Since the distance traveled
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by the light in this arm of the interferometer never changes, this arm can be referred to as
the reference arm.

The light that is reflected from the beamsplitter is incident on a movable mirror. As
this mirror is moved, the distance traveled by the light changes. Since the path length of
the light changes, this arm of the interferometer can be referred to as the test arm. Upon
reflection of the light from the movable mirror, the light passes back through the front
surface of the beamsplitter and is recombined with the light that traveled through the test
arm.

Because light from both arms of the interferometer have passed through the same
amount of beamsplitter material, the only phase difference between the two beams of
light results from the difference between the length of the test arm and the length of the
reference arm. With the light traversing each arm twice, once to the mirror and once from
the mirror, the optical path difference is twice the length difference for the two arms.
This optical path difference creates a sinusoidal varying intensity pattern at the

beamsplitter as shown in Figure 3-2 when the source of light is monochromatic.

Figure 3-2. Typical interference
pattern produced by a monochromatic
source.
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The interference pattern produced by the recombination of the light propagates
through the sample cell to the focusing mirror. Once again, a mirror is chosen to focus

the interference pattern for the same reasons listed for collimation. This mirror focuses

the light from the interference pattern onto an intensity sensitive detector.

3.1.2 Bomem Fourier Transform Spectrometer

For this research, a Bomem DA-8 FTS was used. This spectrometer contains a
Michelson interferometer with a movable mirror that could translate up to 50 cm and two
possible light sources. The 50 cm translation allowed for resolution as low as 0.02 cm’
while the sources available produce either visible or infrared, non-monochromatic
radiation. For this research, the globar source was used to produce the required infrared
radiation. This choice was driven by the location of the absorption region of the

v, =0 — v, =2 transition of nitrosyl bromide.

Since this source is non-monochromatic, a continuous distribution of